Several dyes were evaluated for their potential use as indices of ionic boundaries and pH discontinuities during polyacrylamide gel electrophoresis (PAGE). Dye selection was based largely upon color transition over the pH intervals present in the commonly used Tris-HCl-glycine buffer systems. In the absence of sodium dodecylsulfate (SDS) nitrazine yellow, cresol purple, cresol red, and phenol red had relative mobilities (relative to the chloride boundary; RC1) of 1.00 at 20% polyacrylamide concentration (% T) compared to bromophenol blue (BPB) for which RC1=0.77. The homologue of BPB, 3, 4, 5, 6-tetrabromophenolsulfonephthalein (TBPS), exhibited a useful color transition over the pH 6.6-8.2 range but was an equally poor indicator of the chloride boundary at 20% T in the absence of SDS (RC1=0.73). The RC1 of other dyes was increased in the presence of SDS, particularly the cationic dye neutral red which complexes with micellar but not monomeric SDS. In the presence of SDS, all dyes except neutral red exhibited RC1 of 1.00 at 15% T, whereas only neutral red and nitrazine yellow had RC1 values of 1.00 at lower gel concentrations.
INTRODUCTION
Moving boundary electrophoresis (MBE) employs multiple buffer phases in which discontinuities in ionic constituents, their relative concentration, and net mobility at operative phase temperature and pH are antecedent to the formation of distinct ionic boundaries by which charged macromolecules are selectively stacked and unstacked.
The tetrabrominated sulfonephthalein dye BPB is commonly used as an indicator of moving boundaries in PAGE. While it can be used to monitor the progression of electrophoresis in buffer systems of negative polarity over a wide pH range, BPB may inaccurately track the leading chloride boundary, the precise location of which is critical for Ferguson analyses1,2) in the commonly used Tris-HCl-glycine buffer systems. More importantly, peptides and small protein fragments of sizes smaller than micellar SDS migrate ahead of BPB at gel concentrations at which the dye localizes stacked SDS rather than the chloride boundary.3,4) The inability to localize the moving boundary could result in the loss of smaller proteins that are inadvertantly electrophoresed beyond the anodal edge of the gel.
Factors influencing whether a dye will accurately localize the leading boundary include: (i) the intrinsic charge of the dye at the operative pH of each buffer phase, (ii) the presence of SDS or other anionic species which may displace the dye as the leading constituent in the operative separation phase, (iii) the interaction of the dye with SDS, perhaps to form mixed micelles of unknown character that are highly charged but of significantly greater molecular mass, and (iv) the gel concentration since micellar SDS accumulating behind the leading boundary is sieved at higher gel concentrations.4) Moreover, MBE is a dynamic process in which environs of variable ionic strength and constituency are created, thus altering the critical micelle concentration (CMC) and mean aggregation number (N) of SDS micelles in those vicinities.
The dye itself, if it intercalates with SDS, may also have an effect of lowering the CMC and changing the molecular geometry of the surfactant micelle.
Several color transitional dyes5,6) were evaluated for their potential use as markers of ionic boundaries and pH discontinuities in the Tris-HCl-glycine buffer systems originally described by Ornstein and Davis7, 8) and as later modified by Laemmli9) by the inclusion of SDS. Further, the electrophoretic behavior of stacked SDS as it relates to dye or chloride ion mobility was studied in the absence of SDS influx from the cathodal buffer.
MATERIALS AND METHODS

Materials
Cresol purple and SDS were purchased from United States Biochemical Corporation (Cleveland, OH, USA). Other dyes were obtained from Aldrich Chemical (Milwaukee, WI, USA). Acrylamide was from Serva (Boehringer Ingelheim, Heidelberg, FRG).
Tris and glycine were from ZAXIS Incorporated (Hudson, OH, USA). All other chemicals were from Fluka Biochemika (Ronkonkoma, NJ, USA).
Solubilization of dyes
Monosodium salts of the dyes were dissolved at 0.3% concentration in H2O, except for neutral red which was dissolved at 0.6% concentration in H2O and brilliant yellow which was dissolved at 1% concentration in cellulose acetate syringe filters before use and were stable at room temperature for several months. Electrophoresis and visualization of moving boundaries Polyacrylamide gels ranged from 5-40% total monomer concentration (% T) using bisacryloylpiperazine crosslinker at constant proportions (2.65% C). Gels (Novex, San Diego, CA, USA Following electrophoresis, the precise location of the chloride boundary was confirmed by spraying the surface of the gel with 0.1% AgNO3 which instantly formed a visible AgCl precipitate.
Stacked SDS was localized by immersing the gel in 2M KCl. In gels sprayed with AgNO3, SDS was sequentially localized with 2M potassium acetate.
Dye mobility was expressed as relative to the mobility of the chloride boundary (RC1).
RESULTS AND DISCUSSION
Dye mobilities in the presence of SDS Dyes exhibiting color transition, ones having pKs at a pH between that of the stacking and operative stacking phases (phases BETA and ZETA, respectively), are deprotonated at the onset of electrophoresis and are stacked immediately behind the moving chloride boundary in a zone of increased pH. In systems containing SDS, stacked dyes are typically preceded by stacked SDS which supervenes the chloride boundary.
The stacked SDS represents an initially narrow zone of increased conductivity that interposes an abrupt voltage decrease in that vicinity. Hence, dyes and proteins of MWs smaller than micellar SDS migrate behind the SDS zone.
This zone broadens as the simultaneous function of electrophoresis time and cathodal SDS influx in a manner that is dependent on gel concentration. Further, as SDS concentrates in this zone, conductivity increases linearly.
At gel concentrations low enough to allow micellar SDS to migrate unimpeded, dyes of considerably lower molecular weight stack into sharp zones immediately behind the stacked micellar SDS as they encroach on this region of decreased voltage. This was observed at gel concentrations below 8% T where most dyes stacked behind SDS and were unsuitable for localizing the chloride boundary.
The exceptions were nitrazine yellow and neutral red which had RC1 values of 1.00 over the range of 4-8% T.
At 10% T the stacked SDS zone increased in width by 51% over that measured at 5% T in the absence of cathodal SDS influx ( Fig. 1 ), indicating that micelles are sieved at this gel concentration.
At 10% T, some dyes migrated within the SDS stack and appeared as diffuse bands whereas others migrated ahead of the leading edge of the SDS stack and juxtaposed with the chloride boundary.
Nitrazine yellow, cresol purple, cresol red, phenol red, and its dichlorinated derivative chlorophenol red were good indicators of the chloride boundary at this gel concentration. Small peptides of several kilodaltons migrating within the SDS stack may be indistinguishable from one another as reported by Schagger and von Jagow,3) and may be indistinguishable from dyes of a only few hundred daltons as the gel looses its ability to "see" size differences in this attenuated zone.
At 15% T the migration of micellar SDS was sufficiently retarded and all dyes except neutral red exhibited RC1 values of 1.00. The width of the SDS stack more than doubled over that measured at 5% T in the absence of cathodal SDS influx (Fig. 1) . The leading and trailing edges of the SDS stack had RC1 values of 0.97 and 0.89, respectively. Without the contribution of additional SDS influxing from the catholyte, the broadening of the SDS stack presumably corresponds with a proportional decrease in micelle concentration commensurate with a decrease in conductivity at that locus ; in antithesis to the phenomenon observed at lower % T.
Nitrazine yellow, cresol purple, cresol red, phenol red, and chlorophenol red all exhibited RC1 values of 1.00 over the range of 10-20% T both in the presence or absence of SDS. RC1 was decreased only slightly at 25% T (Fig. 2, Table 1 ). Cresol purple and its homologue cresol red could be used interchangeably with no difference in mobility observed at any gel concentration. Bromocresol purple, a dibrominated derivative of cresol red, had an RC1 value of 0.95 at 10% T which increased to 1.00 at 15-20% T, but diminished to 0.87 at 25% T. For sulfonephthalein dyes, regression analysis of dye mobility as a function of its substituent groups showed an inverse correlation between the number of bromine atoms and RC1 both in the presence or absence of SDS (r=0.92 and 0.97, respectively, n=9).
No correlation was observed between mobility and the number of substituent CH3 or SO3 groups.
Only the disulfonated monoazo dye nitrazine yellow consistently provided RC1 values of 1.00 over the entire practical range of 5-20% T, both in the presence or Ordinate was plotted on a nonlogarithmic scale to emphasize the characteristic inflection of sulfonephthalein dye mobility that occurs between 10% and 15% T. The leading (L) and trailing (T) edges of stacked micellar SDS are shown. SDS was omitted from the cathodal buffer to eliminate the contribution of additional SDS being influxed and contributing to the broadening of the stack. absence of SDS. This seems unrelated to the additional SO, group since other disulfonated dyes do not perform comparably.
For example, brilliant yellow exhibited much lower RC1 values (Table 1) . Similarly, the inability of the disulfonated triphenylmethane dye Serva G-250 to accurately track the moving boundary in SDS systems has previously been reported.3) Comparison of BPB and its homologue TBPS Over the range of 5-10% T, TBPS was a better indicator of the chloride boundary than its common homologue BPB. At higher gel concentrations, BPB had only slightly higher RC1 than TBPS both in the presence and absence of SDS. As aforementioned, tetrabrominated dyes are generally poor indicators of the chloride boundary. The substitution of the 5' and 5" bromines of BPB with chlorines, for example as in bromochlorophenol blue, would be expected to confer higher RC1 than either BPB or TBPS, but this hypothesis was not tested here. The trisulfonated dye 2-(4-sulfophenylazo)-1, 8-dihydroxy-3, 6-naphthalene disulfonic acid (SPADNS) was tested elsewhere10) as an indicator in alkali PAGE buffer systems and exhibited higher RC1 values than BPB.
Interactions of neutral red with micellar SDS Although it is deprotonated
at the operative pH of these systems,11) neutral red forms negatively-charged complexes with SDS and migrates anodally in a manner that is unimpeded at low gel concentrations (Fig. 3a) . Neutral red is an amphiphatic molecule with enough hydrophobicity to reside in the interfacial region of the SDS micelle (Fig. 4) , but it is not hydrophobic enough to form micelles by itself. Thus, neutral red interacts with micellar but not monomeric SDS. Other cationic dyes The overall geometry of the SDS micelle varies in response to ionic strength, pH, and temperature which induce changes in Maximum and mean hydrocarbon tail chain length (lmax and lc) are indicated.
The interfacial region (ifr) can move along the Z axis as the head group bobs in and out of the micelle surface through the XY plane. The hydrophilic mantle region (m) also moves along the Z axis, but remains relatively constant in size due to inflexibility at the first CH2 group. Adapted from Isrealachvili.22) (With permission of Eaton Publishing. A colorized vertically-aligned version appeared on the cover of Bio Techniques) 24) such as pyronin Y,4) toluidine blue,2) and malachite green12) also form electronegative complexes with SDS and have been prescribed for use in PAGE systems of negative polarity.
By interpolation of previously published data correlating values of CMC and N to ion strength,13-15) a theoretical CMC of 2mM and N of 87 was derived for phase BETA (ionic strength of 0.060M as prescribed in Ref. 16 ). This agrees reasonably with the experimental CMC value of 1.3mM obtained by surface tensiometry (Rullison and Smejkal, unpublished data) but neither considers the possible effects of added glycerol in the sample buffer (Emerson and Holtzer17) showed that glycerol disrupts SDS micelles in the absence of electrolytes).
Neutral red was quantitatively resolved as a single band juxtaposed with the chloride boundary when the molar ratio of SDS: dye was 30 but not at a lower molar ratio of 6 (Fig. 3b, 35mM and 7mM total SDS concentration, respectively).
At 35mM total SDS concentration (1% w/v), it is calculated that 2-3 dye molecules can be associated with a SDS micelle using the 2mM CMC value predicted for phase BETA to derive the SDS micelle molar concentration in the denominator of the equation: This exceeds the capacity of SDS to sequester the dye and the excess neutral red precipitates. Thus, neutral red might be useful for determining CMC using the dye solubilization method. 18) In the operative stacking phase (phase ZETA), the decrease in ionic strength is commensurate with increased CMC and decreased N such that neutral red is gradually released from the leading SDS boundary (as suggested in Fig. 3c ), but this does not occur when the cathodal buffer is supplemented with SDS. Broadening of the SDS zone in the absence of cathodal SDS influx Previously, Shimao19) showed that the leading zone of concentrated SDS broadens as a function of electrophoresis time and the contribution of SDS influxing from the cathodal buffer while the SDS concentration behind this zone remains relatively constant. In these studies, the SDS zone is shown to broaden as a function of % T without the contribution of extraneous SDS from the cathodal buffer such that the breadth of this zone portends size polydispersity. This zone broadening is at least partially the result of the assembly and disassembly of micelles, their exchange with the pool of monomers, and the partitioning of monomers from micelles to maintain a thermodynamically-favored constant monomer concentration. Since SDS monomer exists in equilibrium at a concentration equal to the CMC, the small, highly anionic monomers migrate ahead of micelles of much larger size which are sieved at moderate gel concentrations.
As the zone of micellar SDS becomes depleted of monomer, thermodynamics drives the partitioning of monomers from these micelles in order to maintain equilibrium at concentration equal to the CMC in that buffer phase. Likewise, as SDS monomer accumulates behind the moving chloride boundary to a localized concentration above the CMC, they are driven to form micelles. Hence, retardation coefficients derived from RC1 measurements of the leading and trailing edges of the SDS zone are deemed unreliable since "pure" micelle or monomer can exist only transiently.
Therefore, important electrophoretic parameters of dodecylsulfate monomer such as retardation coefficient and its free mobility (unimpeded mobility in a polymer-free solution; Y-intercept of the Ferguson plot) can not be elucidated in a system where the SDS concentration reaches CMC.
Moreover, dodecylsulfate anions would exhibit altered mobility if they formed complexes with other ionic species. Takagi20) hypothesized that as Na+ is liberated from SDS, Tris dodecylsulfate complexes are likely formed, albeit transient ones. Others have provided evidence for the formation of SDS-glycine complexes,4) although neither of these complexes have been demonstrated quantitatively.
As the composition of each gel phase changes, so must CMC and N and thus the molar concentration of micelles and their MW. Thus, the SDS micelle as it is formed in phase BETA would be expected to "shrink" in size in response to decreased ionic strength in phase ZETA, then "grow" in response to increased ionic strength in the operative resolving phase (phase PI). However, in samples supplemented with glycerol, it is likely that the SDS is almost entirely in unaggregated form17) such that micellization would not occur until the onset of electrophoresis and the formation of phase ZETA. In polyacrylamide gradient gels, ones where the unpolymerized gradient is stabilized with glycerol, it is anticipated that micelles are progressively destroyed as they migrate further into the superimposed glycerol gradient. Using micellar SDS to generate nanostructured gels, Rill et al.21) reported that spherical micelles of nearly consistent 4-5nm diameter were formed at SDS concentrations ranging from 1-30%. Further characterization by Iraelachvili22) indicates that the SDS micelle is actually ellipsoidal and therefore might be expected to exhibit electrophoretic behavior similar to that predicted for a prolate spheroid in a random array of gel fibers.23) Ionic strength and pH influence the area ocdecreasing interfacial repulsion between head groups mer, and thus the volume of the micelle when multiplied by N, can increase or decrease in accordance with localized changes in environnment (Fig. 4) . It is interesting to note that at extremes of ionic strength, N dramatically increases and SDS is driven form tubular micelles,22) although this does not occur within the normal limits of electrophoresis.
Finally, temperature effects the CMC of SDS, and therefore, would alter the character of SDS zones generated during electrophoresis.
While the CMC of SDS in increased and decreased temperature such that a parabolic relationship exists.22) Considering the triple point PAGE at lower temperature.
CONCLUSIONS
Several dyes could be used to localize the chloride boundary in Tris-HCl-glycine systems over the range of 10-20% T, but none of the sulfonephthalein dyes tested here were effective at low gel concentrations.
By comparison, the monoazo dye nitrazine yellow accurately tracked the moving boundary over the entire practical range of 5-20% T. Neutral red also localizes the chloride boundary at low % T, but since it complexes with SDS it is sieved at higher gel concentrations. Ideally, these two dyes could be used in combination to simultaneously visualize both the chloride boundary and SDS stacking over a wide range of gel concentrations and should be particularly useful in application to gradient gel electrophoresis.
While SDS electrophoresis of proteins is one of the most widely used analytical methods in biochemistry, the physicochemical events that underlie the mechanisms by which it works are poorly understood.
Computer programs such as the Multiphasic Buffers Output of Chrambach and Jovin16) have been used to generate literally thousands of buffer systems for electrophoresis in which the exact composition of each operative phase has been calculated. So powerful is this program that by manipulating the net ionic mobility of phase constituents, it is theoretically possible to select a coordinate on a gel and design a buffer system such that the specific protein band of interest migrates to that position. However, the addition of SDS to any of these systems gives rise to an unknown multitude of secondary moving and counter moving boundaries which so alter the composition of the operative phase as to make it practically indeterminable.
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